The paradox of deuterostome body plans is that genome analyses indicate deuterostomes are a group with strong kinship, yet they are an assemblage with what appear to be distinctly different body plans. The two major deuterostome groups, chordates and ambulacraria, are allied by features of their anatomy that do not include the nervous systems. Here I review data emerging from neuroanatomical studies that indicate echinoderms and hemichordates have two distinct parts to their nervous systems. In this brief perspective, I propose the hypothesis that in the ambulacraria the two parts are separated spatially and temporally over life history stages, whereas in chordates the two parts are united in a single central nervous systems. This view provides a means of including neuroanatomy in a common deuterostome body plan.
SUMMARY
The paradox of deuterostome body plans is that genome analyses indicate deuterostomes are a group with strong kinship, yet they are an assemblage with what appear to be distinctly different body plans. The two major deuterostome groups, chordates and ambulacraria, are allied by features of their anatomy that do not include the nervous systems. Here I review data emerging from neuroanatomical studies that indicate echinoderms and hemichordates have two distinct parts to their nervous systems. In this brief perspective, I propose the hypothesis that in the ambulacraria the two parts are separated spatially and temporally over life history stages, whereas in chordates the two parts are united in a single central nervous systems. This view provides a means of including neuroanatomy in a common deuterostome body plan.
THE DEUTEROSTOME BODY PLAN PARADOX
Analysis of the genomes of invertebrate deuterostomes has shown a close molecular kinship within the group. The deuterostomes are comprised of two major sister taxa the ambulacraria (echinoderms, hemichordates, and xenoturbellids) and the chordates (cephalochordates, tunicates and vertebrates). Molecular phylogenies based on ribosomal subunits support deuterostomes as a monophyletic group Winchell et al. 2002) . Within the chordates the level of genetic conservation is striking, and synteny of several linkage groups appears to have been preserved between cephalochordates and craniates (Holland et al. 2008; Putnam et al. 2008) . It is also clear from the analysis of the sea urchin genome or expressed sequence tag studies in hemichordates that within the ambulacraria and the chordates there is a high degree of conservation (Materna et al. 2006; Sodergren et al. 2006; Freeman et al. 2008) . Gene sequences from either hemichordates or echinoderms are more likely to match a deuterostome gene than an ortholog from a nondeuterostome group. Analyses of individual genes and gene families most often support a deuterostome clade within metazoans (Materna et al. 2006) . These strong genetic similarities indicate that the deuterostomes share a common ancestry that distinguishes them from other bilaterians.
Notwithstanding the similarities identified by early anatomists, deuterostome body plans are diverse. The canonical features of the chordate body plan include a notochord, a dorsal nerve cord, pharyngeal slits, and a postanal tail (Romer 1962) . This suite of features defines a diverse assemblage, yet the structural unity of the chordates is clear. In contrast, the sister ambulacraria are comprised of organisms with two distinct body plans, neither of which appears outwardly to be similar to that of the chordates. The echinoderms have embryonic and larval features that reveal their bilaterian affinity, yet adults have radial symmetry, internal skeletons, and ambulacra that include a radial water water vessel and radial nerve cords. Hemichordates are bilaterally symmetric worms, with three body regions, branchial slits, and a stomochord. Although there is support for deuterostomes being a monophyletic group when a wide range of molecular and structural features are assessed, there is no common body plan for the group (Peterson and Eernisse 2001) .
Although neural organization is often given primacy in analysis of body plans, neural organization is not a character relied upon to show kinship within the deuterostomes. The chordates have a strongly centralized nervous system with a single, dorsal nerve cord. The nervous systems of cephalochordates and urochordates are simpler; however, the group is allied by the nervous system being a distinctive feature of body plans. In echinoderms, the nervous system that develops in the embryo is not transformed into the adult nervous system. In adults the nervous system is extensively ganglionated peripherally, and the nerve cords associated with each ambulacrum serve as a central nervous system (Smith 1965 (Smith , 1966 Cobb 1987) . In hemichordates with a larval phase, the nerves that develop in the embryo are similar to those found in larval echinoderms. In adult hemichordates there are axial nerve cords, one dorsal and one ventral (Knight-Jones 1952; Bullock and Horridge 1965) with neuronal cell bodies that contribute processes to ventral tracts of axons (Nomaksteinsky et al. 2009 ). These arrangements of central and peripheral elements appear irreconcilably different and arguments for homology, which usually involve only one component, have not been compelling (Garstang 1894; Lacalli et al. 1994; Raff and Popodi 1996; Haag 2005; Lacalli 2005 ). Thus, the nervous system, which should be a defining feature of the body plan, has failed to provide insights into the deuterostome common ancestor.
The development of methods of identification of neurons, principally through neuron specific genes and proteins, is revising classical descriptions of the nervous systems of ambulacrarians. The nervous systems of echinoderms and hemichordates were originally described from histological data with conventional chromic dyes, or with histochemical methods, commonly reduced methylene blue was used (Bullock and Horridge 1965) . These data have been supplemented with transmission EM studies (Cobb 1970; Cobb and Pentreath 1977; Cameron and Mackie 1996) . In both groups large numbers of what appeared to be primary sensory neurons were identified throughout the epidermis. On the basis of this, the neural organization was often described as being a simple nerve net, similar to that found in cnidarians (Hyman 1955; Smith 1965) . Recent studies, with antibodies to neuronal proteins or in situ hybridization with neuron specific RNA probes have not substantiated these interpretations Diaz-Balzac et al. 2007; Nomaksteinsky et al. 2009 ; J. Venuti and W. H. Klein, personal communication). In both groups, neural organization appears to be centralized to a greater extent than described previously. Emerging from these studies is support for the hypothesis that a centralized nervous system is a feature that deuterostomes inherited from a common ancestor.
In this perspective I will examine the hypothesis that there are shared features of deuterostome nervous systems. I propose that in the ambulacraria there are two components to the nervous system that are separated spatially and temporally over life history stages, whereas in chordates the two components are united in a single central nervous systems. I will review the evidence for the two components of the ambulacrarian nervous systems; one embryonic derived from the animal pole, and the other an axial nervous system. The hypothesis provides a means of including neuroanatomy in discussions of deuterostome evolution.
THE ANIMAL POLE NERVOUS SYSTEM
One component of the nervous systems of echinoderms and hemichordates arises during embryonic development, and is derived from a region of neurogenic ectoderm at the animal pole. The animal pole nervous system has been studied in some detail in echinoids, but comparative data suggests this is a feature common to all the classes of echinoderms and the hemichordates (Beer et al. 2001; Byrne et al. 2007; Hirokawa et al. 2008; Dupont et al. 2009 ). In echinoids the neurogenic ectoderm is patterned by wnt, BMP, and Nodal signaling during cleavage (Yaguchi et al. 2006 (Yaguchi et al. , 2007 (Yaguchi et al. , 2008 and during gastrulation it differentiates into the apical organ, an anterior, integrating, neural structure (Beer et al. 2001; Nakajima et al. 2004a, b; Byrne et al. 2007) . A common feature is the presence of bilaterally displaced serotonin containing neurons (Bisgrove and Burke, 1986; Yaguchi and Katow 2003; Byrne et al. 2006) . The differentiation of the neurogenic ectoderm appears to be mediated by a core set of metazoan neural transcription factors, including the transcription factors paired-class, achaete-scute, Zic, Six-3 Poustka et al. 2007; Wei et al. 2009 ). Wei et al. (2009) have identified a large set of animal pole domain regulatory genes that depend upon Six-3 expression and suggest that a gene regulatory network involving Six-3 is necessary for the differentiation of this domain. Neurons associated with the ciliary band also differentiate during late gastrulation (Nakajima et al. 2004a ). The ciliary band neurons appear to function throughout larval life to coordinate ciliary reversals in the ciliary band, the principal swimming and feeding organ of the larva (Strathmann, 1975 (Strathmann, , 2007 . The ciliary band neurons increase in number, and the apical organ increases in size and complexity throughout larval life, but at metamorphosis, like most of the larval epidermis the larval nervous system is lost to apoptosis (Cameron and Hinegardner 1974; Chia and Burke 1978) . Thus, echinoderms have a central neural component derived from the animal pole that is specialized to function in the larva, and does not persist into benthic juvenile stages.
We know far less about early neural development of hemichordates, but it is clear that there is also an animal pole derived component to their nervous systems. In forms with feeding larvae, such as Ptychodera, larvae have an apical organ with a set of serotonergic neurons associated (Nakajima et al. 2004b ) associated with eye spots in some species (Brown et al. 2008) . We lack the details of its development, but it is remarkably similar to the apical organ of echinoderms (Byrne et al. 2007 ). In hemichordates without a feeding larva, there also appear to be a set of neurons that develop at the animal pole of the embryo and give rise to a set of serotonergic neurons that disperse within the epidermis of the prosome. The apical organ derived serotonergic neurons may persist into adult stages, as adults have dispersed serotonergic cells in the prosome (Nomaksteinsky et al. 2009 ).
Echinoderms and hemichordates appear to have in common a component of their nervous systems that is formed at the animal pole of the embryo and that differentiates into an anterior neural structure that connects with dispersed peripheral neurons coordinating ciliated cells. Data from echinoderms suggests that these neurons are derived from neurogenic ectoderm that is restricted to the animal pole and patterned by TGFb signaling and regulated by a common set of metazoan neurogenic transcription factors.
THE AXIAL NERVOUS SYSTEM
The most commonly known component of echinoderm nervous systems are the radial nerve cords that are associated with each of the ambulacra. These nerve cords are connected at their proximal ends with a set of commisures that form a ring surrounding the mouth. Cobb (1970) demonstrated that these are simple tracts of connecting axons lacking neuronal cell bodies and do not constitute a neural integrating centre. The ambulacral nervous system arises in the larva during the formation of the adult rudiment. The nerve cords arise in ectoderm by an infolding of an epithelia sheet, that closes over to form a neural canal (von Ubisch 1913 , cited in Hyman 1955 . The neurogenic epithelium appears to be derived directly from the vestibule epithelium that forms the floor of the neural canal. The neural cells bodies are found within a stratified epithelium that overlies a thickened dense neuropil (Cobb 1987) . The ambulacral nerve cords are serially segmented, and each segment projects a lateral nerve comprised of a large bundle of axons laterally, alternating to one side or the other (Cobb 1987; Burke et al. 2006 ). The lateral nerves contain afferent and efferent axons that connect to peripheral appendages (tube feet, spines, and pedicellariae). The peripheral appendages all contain ganglia that are thought to integrate peripheral sensory input with local motor responses (Cobb 1968; Cavey 2006 ; J. Venuti and W. H. Klein, personal communication). The structure and function of the nerve cords are poorly known; anatomical and functional reflex pathways have yet to be mapped and the nature of the integration and output is not clearly understood (Smith 1965; Cobb 1987; Cavey and Ma¨rkel 1994) . The ambulacral nervous systems are restricted to the developing rudiment and begin to function in the juvenile. In all of the echinoderm classes there is no substantial connection between the ambulacral nervous systems and the animal pole nervous system.
Descriptions conflict over the nature of the hemichordate central nervous system, most often because critical data are missing. However, Nomaksteinsky et al. (2009) report the localization of neuron specific transcripts that indicate the dorsal cord constitutes a central nervous system with histological and developmental features that are strikingly similar to the ambulacral nervous system of echinoderms. The nerve cord is a stratified layer of neural cell bodies within an epithelium on the floor of the hollow cord (Brown et al. 2008 ). The cells are displaced laterally and overlie a thickened neuropil, comprised mostly of fibers. In addition to pan neural markers (Elav, synaptotagmin) subsets of neurons express markers for GABAnergic and cholinergic neurons and markers for somatic sensory and motor neurons (Nomaksteinsky et al. 2009 ). The formation of the internal canal in the collar is the result of an invagination process in ptychoderids (Morgan 1894; Dawydoff 1948) or ingression in harrimaniids (Bateson 1884) . However, it is not established how this cord functions, as there are recordings of through conduction of stimuli (Cameron and Mackie 1996) . There are no indications that the dorsal nerve cords of hemichordates are segmentally organized. Overall, echinoderms and hemichordates appear to have in common central neural components that have a number of similarities. Both nerve cords are derived from internalization of an epithelium that closes over to from a tube-like structure and the neural epithelium appears to be directly derived from the floor of the tube.
A confusing aspect of echinoderm body plans is the multiplication of radially arranged axes. Although commonly echinoderms come in five parts, there is considerable variation on this; in some forms over 200 radial axes are reported. The evolution of this feature is restricted to the echinoderms; it is a shared derived feature of the group and fossil evidence support these multiradial forms all being derived from stem groups that had a single, bilateral axis (Smith 2005) . Smith (2005) has proposed that the fossils with body forms, such as that of solutes, represent the body plan of ancestral echinoderms. It is clear that for these candidate stem echinoderms, there is a single bilaterally symmetric structure that has a single ambulacral groove. Thus, multiple radial axes, as seen in extant echinoderm, can be considered a form of radial metamerism in which, ectoderm and mesoderm form a series of repeated structures. As such, it is reasonable to compare a single ambulacral nerve cord from an echinoderm with the nerve cord of the mesosome in a hemichordate.
This brief comparison suggests that a shared feature of echinoderms and hemichordates is a nervous systems that has two parts; one associated with an animal pole neurogenic region and another, that is axial and derived from an internalized ectodermal tube. Curiously, these two components of the nervous system are separated spatially and temporally (Fig. 1) . In echinoderms, the animal pole nervous system dominates larval development, whereas the ambulacral system forms in late larvae and persists throughout the life of the adult. In hemichordates with indirect development, there is a similar pattern, but it is not clear if the animal pole nervous system persists throughout adult life. In direct developing forms the animal pole nervous system appears during embryonic development and persists, whereas the second component of the two-part nervous system appears in the juvenile. The temporal separation over life history stages in echinoderms and some hemichordates and the spatial separation of the two neural components are features that make it difficult to recognize that a bipartite nervous system exists in both phyla of the ambulacraria. Yet, these similarities appear to be fundamental and ally two disparate looking groups, known from other data to be closely related. As well, this rationalization of their neural organization has the potential to reveal testable hypotheses about the neural organization of deuterostomes.
DEUTEROSTOME NEURAL ORGANIZATION
A comparison of the features of the two-part nervous system in the ambulacraria with the nervous systems of their sister group, the chordates suggests there are parallels (Fig. 2) . The location and development of the animal pole component of ambulacrarian nervous systems is similar to the chordate forebrain (Wei et al. 2009 ). While the morphogenesis, segmentation and axial nature of the ambulacral nerve cords are similar to the dorsal nerve cords of chordates. Previously, it has been suggested that ambulacral nervous systems are homologues of chordate dorsal nerve cords (Raff and Popodi 1996; Haag 2005) . The principal difference between the arrangement of the nervous systems are that in chordates the two components are united in a single central nervous systems, whereas in the ambulacraria the two components are separated spatially over life history stages. The view presented here is that both components of the nervous system are present in all extant deuterostomes and thus are likely to have been present in common ancestors. As most metazoans also have an animal pole neurogenic structure (Hay-Schmidt 2000; Nielsen 2005 ) parsimony suggests that the common ancestor to the deuterostomes would also have an independent apical neurogenic domain and a separate axial neurogenic region. The chordate feature of a single, dorsal nerve cord remains a shared, derived feature of the group. This hypothesis has the potential to resolve aspects of the body plan paradox by providing a basis for comparison of neural components within the deuterostomes.
It is well established that Hox genes play a central role in patterning the nerve cords within the chordates (Wada et al. 1999; Ikuta et al. 2004; Lemons and McGinnis 2006; Holland 2009 ). The development of axial nervous systems has yet to be thoroughly examined, however, data on the expression of Hox genes in echinoderms and hemichordates suggests they serve a different set of functions, not involving patterning the nervous system (Arenas-Mena et al. 2000; Aronowicz and Lowe 2006) . In echinoderms a small group of Hox genes are expressed in embryonic development (Dolecki et al. 1986; Arenas-Mena et al. 2006 ) and the majority of genes are expressed in mesoderm of the adult rudiment (Arenas-Mena et al. 1998 , 2000 . In Hemichordates Hox genes are expressed in ectoderm where they mark a series of anterior-posterior domains and are not associated with the developing nervous system (Lowe et al. 2003; Aronowicz and Lowe 2006 ). This apparent difference suggests recruitment of Hox axial patterning mechanisms to the chordate nervous system may prove a distinguishing event in deuterostome evolution.
This interpretation of shared and divergent features is a testable hypothesis. The principal test being the depth to which these similarities hold true. If the similarities are more than superficial there will be conservation of components and function within the gene regulatory networks that coordinate their specification, morphogenesis, and differentiation. The similarities in morphogenesis and cellular and tissue organization are really a manifestation of the inherited genetic networks that underlie them (Davidson 2006; Davidson and Erwin 2006) . Wei et al. (2009) noted that vertebrate forebrain and the animal pole neurons of the sea urchin express a similar suite of transcription factors that appear to be regulated by Six-3. They speculated that a similar gene regulatory networks was involved in the specification of vertebrate forebrain and the animal pole domain of sea urchins. Clearly the expression of neurogenic transcription factors in regions forming neurons could simply be the consequence of conservation of neurogenic programs. However, detailed dissections of the regulatory networks and the identification of core regulatory kernels that are conserved have the potential to determine whether these two structures share a common ancestry (Davidson and Erwin 2006) .
CONCLUSIONS
Basal deuterostome neural organization appears to be bipartite: an animal pole neurogenic domain and a neural epithelium derived from in-folding of ectoderm are similar features of echinoderms and hemichordates. There have been numerous attempts to rationalize the deuterostome body plan paradox (Garstang 1894; Lacalli et al. 1994; Arendt and Nubler-Jung 1999; Gerhart et al. 2005; Lacalli 2005; Swalla 2006; Arendt et al. 2008; Holland 2009 ), yet interpretations remain diverse. Although the relevance of neural organization in echinoderms and hemichordates has been largely dismissed in discussions of deuterostome evolution, the assertion that no relationship exists is unsatisfactory. Better understanding of the neurobiology and neural development of these deuterostomes has the potential to reveal common features and provide a clearer understanding of early deuterostome evolution. Fig. 2 . Phylogeny of nervous systems of deuterostomes. In the Ambulacraria the nervous system is bipartite; an animal pole nervous system and an axial nervous system. In the stem echinoderms there is a single axial nervous system, whereas in modern members of the group, radial metamerism produces the common 5-part symmetry (Raff and Popodi 1996; Smith 2005) . In the chordates the two components are united in a single central nervous systems.
